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Asperity contact along the fracture surface of a crack is one of the 
mechanisms of crack closure. This contact shields the crack tip, in 
part, from the externally applied driving force on the crack. We have 
now succeeded in using experimental information, obtained under plane 
strain conditions from acoustic transmission and diffraction experiments 
in the closure region [1,2] to determine a stress intensity factor, 
KI(local), which shields the crack tip below a stress intensity factor 
Kiclosure at which the first contact during unloading occurs. 
This paper discusses briefly the origins and consequences of crack 
tip shielding [3] as well as recent experimental and theoretical efforts 
[1,2] to understand the interaction of acoustic waves with contacting 
asperities. It is shown that the size and density of individual con-
tacts, or asperities, can be estimated and reasonable values for the 
shielding stress intensity factor obtained. It is suggested that the 
shielding stress intensity factor provides the necessary information to 
estimate the fatigue crack propagation rate and, therefore, enhances our 
capabilities for accurate life prediction. 
CRACK TIP SHIELDING BY CONTACTING ASPERITIES 
It is well known [4] that the surfaces of a fatigue crack contact 
each other during the unloading of a component, containing the crack. 
Subsequently, it has been demonstrated that this is mainly a result of 
individual contact points (asperities) caused by a mismatch of the frac-
ture surfaces [5]. As this contact occurs, the stresses ahead of the 
crack will be redistributed such that the driving force for crack propa-
gation, ~Kef£• becomes smaller than would be expected from a simple 
calculation of the stress intensity range ~K = Kimax-Kimin' Thus, crack 
closure will affect the crack propagation rate [4,6,7]. Each individual 
asperity which comes in contact with the opposite crack surface produces 
a stress intensity factor, Kis(local) which is given by [8) 
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(1) 
where c1 is the nearest distance between the contact and the crack tip, 
Pg is the load carried by the contact and z is the coordinate along the 
crack front with its origin at the closest point to the contact, as shown 
in Fig. 1. The body, containing the crack, is assumed to be infinite in 
z-direction and therefore K15 in Eq. (1) is valid for plane strain condi-
tions. K18 is at a maximum at z = 0 and approaches zero for z = ± ~, as 
indicated in Fig. 1. Superposition of the stress intensity factors of a 
series of such individual contact points and assuming that the distance 
between two neighboring contact points is also c1 , yields the stress 
intensity factor 
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Eq. (4) can be compared directly with the results of a K1(local) calcu-
lation by Beevers et al. [9] who assumed the contacting asperity to be an 
infinitely long, thin strip in the z-direction at a distance c1 away from 
the crack tip. The quantity Pg/C1 in Eq. (4) is identical to P/B, where 
P/B is the load P on the strip per unit length B. Thus 
Fig. 1. Kls for a single contacting asperity at Distance c1 away from 
the crack tip. 
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(5) 
which is identical to the results obtained by Beevers et al. [9]. It is 
thus shown that if the average distance between asperities is about the 
same as their average distance from the crack tip, a row of individual 
contacting asperities can be replaced by an infinite strip, each leading 
to the same stress intensity factor KI(local), independent of z. Only if 
the average distance between the individual contacts exceeds that between 
the contacts and the crack tip, the load stress intensity factor may show 
significant oscillations of the type shown in Fig. 1. 
In principle, any effects of additional rows of contacting asperi-
ties on KI(local) may now be calculated. This will be the purpose of 
another publication, however. Here, we just would like to point out the 
significance of KI(local), as given by Eqs. (4) or (5), as well as the 
possibility of using earlier acoustic measurements [1,2], to make first 
quantitative estimates of the values for KI{local), based on Eq. (4). 
It was pointed out by Beevers et al. [9] that KI(local) is a stress 
intensity factor which acts upon the crack tip as soon as the asperities 
come into contact at the "stress intensity factor" for closure Kiclosure• 
as shown in Fig. 2. Above Kiclosure there is no asperity contact and, 
thus, the stress intensity factor on the crack tip is totally supplied by 
the external load Q, given by 
KI{global) = ~ B·la (6) 
Below Kiclosure• KI(local) will increase with decreasing load Q since the 
load P or Ps in Eqs. (4) and (5), carried by the asperities, will 
increase, as shown in Fig. 2. Assuming that the specimen is totally 
unloaded, KI{local) is at its maximum whereas KI(global), as given by 
Eq. (6), is zero. Thus, in the unloaded condition there is still a 
stress intensity factor KI(local) acting upon the crack tip. If the 
specimen is now cyclically loaded between Qmin and Qmax• the stress 
intensity varies between the maximum K1(local) = Klmax(local) and the 
maximum K1(global) = Kimax(global). Kimax(local) thus "shields" the 
crack tip from experiencing a stress intensity range (or driving force) 
KICLOSURE 
Om ax 
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Fig. 2. The stress intensity factors KI(global), and KI{local) as a 
function of external load Q. 
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AK = Kimax(global) - Kimin(global), (7) 
if there were no asperity contact. Using the above arguments, the crack 
tip actually experiences a driving force 
AKeff = Klmax(global) - Kimax(local) (8) 
which is smaller than that given by Eq. (7). It is also different from 
the "effective" stress intensity range originally suggested by Elber [4]. 
Following his original work [4], it has become standard procedure [10] to 
define AKeff as 
AKeff = Kimax(global) - Kiclosure (9a) 
or as 
AKeff Kimax(global) - Kiopening (9b) 
depending if one chooses the point of first contact during unloading or 
the point of last contact during opening. In general, Kiclosure is not 
equal to Kiopening as indicated by precise crack opening displacement 
measurements [10]. 
We propose now, that in view of the papers by Beevers et al. 
[9,11,12] and our considerations [3], that it is actually Kimax(local) 
which determines the full shielding of the crack tip and any argument 
[10j over whether Kiclosure or Kiopening is the important parameter, is 
irrelevant. Only if KI(total) -as given by [KI(global) + KI(local)] -
shows a minimum other than at ~in' will our present hypothesis have to 
be modified. In any case, however, we believe that the external load, 
even below Kiclosure• will still have an effect on the crack's driving 
force due to the variation of KI(local). Therefore, crack opening 
displacement measurements, as presently used to determine AKeff [10], can 
only be considered as qualitative indicators for trends of crack closure 
phenomena. Thus, the question has to be answered, if there are any 
measurement techniques which provide more quantitative information about 
crack closure and thus on AKeff" As discussed briefly in the following 
section, it is suggested that acoustic waves, interacting with the 
asperities, can supply such information. 
ULTRASOUND INTERACTION WITH ASPERITIES 
As summarized earlier [13,14] the transmission as well as the dif-
fraction and mode conversion of ultrasonic waves with partially con-
tacting surfaces has been calculated for a variety of different contact 
geometries [15]. The essential result is that the comparison of theory 
and experiments provides two quantities K(x) and N. K(x) was obtained 
from through transmission experiments; it is a distributed spring con-
stant which contains information on the dimensions and density of the 
contacting asperities. N was obtained from diffraction experiments and 
is the density of the contacting asperities. For all specific details, 
the reader is referred to the earlier publications [1,2]. 
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Fig. 3. Best fit of K(x) from earlier transmission measurements [1]. 
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Fig. 4. Shear Wave Signals, mode converted in the closure region [2] (a) experiment; (b) theory, as a function of contact density Nl/2. 
Figures 3 and 4 show the results on K(x) anrl N obtained from a fa-
tigue crack in an unloaded compact tension specimen of Al7075-T651. K(x), 
determined from transmission data [1], is basically an exponentially 
decaying function, as shown in Fig. 3. The crack tip is at the position 
indicated with a value forK of about 5 x 1Ql3 dyn/cm3. To the left of 
the crack tip is the unbroken part of the compact tension specimen. The 
partially closed fatigue crack extends to the right of the crack tip. 
About 2 mm away from the crack tip the closure region ends and from there 
on the crack is fully open. Figure 4 shows the comparison of experiment-
ally observed shear wave signals, diffracted in the closure region, with 
those calculated for a wide range of asperity densities N, keeping the 
previously determined K(x) unchanged. It has been found that a change in 
the asperity density has a marked effect on the amplitude of the calcu-
lated diffracted signal. At present we estimate that for Nl/2 • 150 
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asperities/em (or N ~ 2.3 x 10~ asperities/cm2) the theoretical predic-
tions agree quite well with the observed 4 ~1Hz signal. 
EVALUATION OF CRACK TIP SHIELDING 
For the unloaded compact tension specimen, the acoustically 
determined parameters K and N can now be used to evaluate the shielding 
stress intensity factor Kimax(local), given by Eq. (4). The assumption 
is made that the strongest contribution of the asperities to Kimax(local) 
stems from the contacts that are closest to the crack tip. Under that 
condition 
P = a /N = a C 2 s 0 0 1 
where a0 is the average static stress across the partially closed 
fracture surface. a0 can be expressed by [13] 
(10) 
(11) 
where K is the spring constant, k* = 2, E the elastic modulus, N the 
contact density and Pm is the "flow pressure" of the material (usually 
three times the ultimate tensile strength). Combining Eqs. (10) and (11) 
with Eq. (4) then yields 
K (1 1) = (2K)l/2 (~)2 ~ Imax oca ~-~ NS/~ (12) 
Note that Eq. (12) is just a first approximation to a more complex 
problem in that the asperities further away from the crack tip have been 
neglected. Using the values K • 5 x 1013 dyn cm-3 (from Fig. 3), Pm • 
1.7 x 1010 dyn cm-2, E • 7 x 1011 dyn cm-2 and Nl/2 • 150 cm-1 (from Fig. 
4) for aluminum 7075-T651, we obtain Krmax(local) • 2.1 x 108 dyn cm-3/2 
• 2.0 ksi lin and a residual stress a0 • 44 ksi. This calculated 
Kimax(local) is believed to be somewhat of an underestimate because of 
the neglect of the additional rows of contacts. However, even under the 
condition for which it was calculated, it is a sizable fraction of the 
applied stress intensity factor Kimax(global) which was about 15 ksi lin 
during the growth of the crack. The calculated value for a0 seems to 
be reasonable (about 60% of the material yield stress). In close proxi-
mity to the crack tip the average distance between asperities is about 70 
~m and their average diameter of about 30 ~m, which are compatible with 
values quoted by Beevers et al. [11]. 
SUMMARY AND CONCLUSIONS 
Partial contact of two rough fatigue crack surfaces leads to trans-
mission (and reflection), diffraction and mode conversion of an acoustic 
wave at these contacts (asperities). Based on earlier calculations and 
experiments, average distances between asperities and their average 
dimensions have been obtained. In a first approximation the crack tip 
shielding stress intensity factor for an unloaded crack has been deter-
mined as a function of the average distance between the asperities. 
Using the results obtained from the acoustic measurements, reasonable 
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numerical values for crack tip shielding in a fully unloaded compact 
tension specimen have been obtained. The paper suggests that it is this 
crack tip shielding that provides the lower limit for the driving force 
on the crack and not, as is often assumed, the "closure" stress intensity 
factor. Further work is in progress. 
ACKNOWLEDGEMENT 
This work was supported by USDOE, Office of Basic Energy Sciences, 
Division of Materials Science under contract No. W-7405-Eng-82. 
REFERENCES 
1. R. B. Thompson and c. J. Fiedler, Review of Progress in Quantitative 
Nondestructive Evaluation, D. 0. Thompson and D. E. Chimenti, 
Eds., (Plenum Press, New York, Vol. 3A, 1984), p. 207. 
2. D. K. Rehbein, R. B. Thompson and o. Buck, Review of Progress in 
Quantitative Nondestructive Evaluation, D. 0. Thompson and D. E. 
Chimenti, Eds., (Plenum Press, New York, Vol. 4A, 1985), p. 61. 
3. o. Buck, R. B. Thompson and D. K. Rehbein, "Using Acoustic Waves for 
the Characterization of Closed Fatigue Cracks" in Proceedings of 
the International Symposium on Fatigue Crack Closure, Charleston, 
S.C., May 1-2, 1986, to be published by ASTM. 
4. w. Elber, Damage Tolerance in Aircraft Structures, ASTM STP 486, 230 
(1971). 
5. c. Q. Bowles and J. Schijve, Fatigue Mechanisms: Advances in 
Quantitative Measurement of Physical Damage, ASTM STP 811, 400 
(1983). 
6. o. Buck, J. D. Frandsen and H. L. Marcus, Fatigue Crack Growth Under 
Spectrum Loads, ASTM STP 595, 101 (1976). 
7. s. Suresh and R. o. Ritchie, Scripta Met.~. 595 (1983). 
8. H. Tada, P. c. Paris and G. R. Irwin, The Stress Analysis of Cracks 
Handbook, Del Research Corporation, St. Louis (1973). 
9. C. J. Beevers, K. Bell, R. L. Carlson and E. A. Starke, Eng. Fract. 
Mechanics~. 93 (1984). 
10. See the Proceedings of the International Symposium on Fatigue Crack 
Closure, Charleston, s.c.' May 1-2, 1986, to be published by 
ASTM. 
11. R. L. Carlson and c. J. Beevers, Eng. Fract. Mechanics 20, 687 
(1984). 
12. R. L. Carlson and c. J. Beevers, Eng. Fract. Mechanics ~. 651 
(1985). 
13. o. Buck, R. B. Thompson and D. K. Rehbein, J. Nondestructive 
Evaluation~. 203 (1984). 
14. o. Buck, R. B. Thompson and D. K. Rehbein, Review of Progress in 
Quantitative Nondestructive Evaluation, D. o. Thompson and D. E. 
Chimenti, Eds., (Plenum Press, New York, Vol. 5B, 1986), p. 583. 
15. J.-M. Baik and R. B. Thompson, J. Nondestructive Evaluation~. 177 
(1984). 
1607 
